We sought to develop a cancer-targeted, infectivity-enhanced oncolytic adenovirus that embodies a capsid-labeling fusion for noninvasive dual-modality imaging of ovarian cancer virotherapy. A functional fusion protein composed of fl uorescent and nuclear imaging tags was genetically incorporated into the capsid of an infectivity-enhanced conditionally replicative adenovirus. Incorporation of herpes simplex virus thymidine kinase (HSV-tk) and monomeric red fl uorescent protein 1 (mRFP1) into the viral capsid and its genomic stability were verifi ed by molecular analyses. Replication and oncolysis were evaluated in ovarian cancer cells. Fusion functionality was confi rmed by in vitro gamma camera and fl uorescent microscopy imaging. Comparison of tk-mRFP virus to singlemodality controls revealed similar replication effi ciency and oncolytic potency. Molecular fusion did not abolish enzymatic activity of HSV-tk as the virus effectively phosphorylated thymidine both ex vivo and in vitro. In vitro fl uorescence imaging demonstrated a strong correlation between the intensity of fl uorescent signal and cytopathic effect in infected ovarian cancer cells, suggesting that fl uorescence can be used to monitor viral replication. We have in vitro validated a new infectivity-enhanced oncolytic adenovirus with a dual-imaging modality-labeled capsid, optimized for ovarian cancer virotherapy. The new agent could provide incremental gains toward climbing the barriers for achieving conditionally replicated adenovirus effi cacy in human trials.
into factors limiting success. 3 A fl exible, dynamic, noninvasive CRAd imaging system remains clinically relevant and a promising prospect for future clinical evaluation of ovarian cancer virotherapy.
Various imaging strategies have been employed in the context of adenoviral (Ad) gene therapy vectors. We and others have reported adenoviral labeling systems based on incorporation of an imaging reporter into the E1A , E2B , and the fi ber genes of Ad5. [4] [5] [6] [7] Use of different types of reporter genes allowed exploiting a variety of signal detection techniques. Imaging motifs such as mutated herpes simplex virus thymidine kinase (HSV-tk) 8 allow for use of common and clinically relevant imaging techniques such as computed tomography (CT), single-photon emission computed tomography (SPECT), or positron emission tomography (PET) using radioactive tracers, whereas monomeric red fl uorescent protein (mRFP1) offers more economical optical fl uorescence imaging options for in vitro and in vivo investigations. Given that no single modality is capable of addressing all aspects of molecular imaging, construction of fusion reporters that combine the positive attributes of different modalities has recently been attempted for multimodality imaging applications. 7 O VARIAN CANCER remains the deadliest malignancy of the female reproductive tract, with over 14,600 deaths predicted in the United States for 2009. The 10-year relative survival rate for all women diagnosed with ovarian cancer is approximately 39%. 1 It is evident that new therapeutic approaches are greatly needed for the treatment of women with this deadly disease. Conditionally replicative adenovirus (CRAd)-based virotherapy represents a promising option to treat malignancy through viral amplifi cation, oncolysis, and lateralization-a mechanism that is distinct from other forms of cancer therapy. 2 Although CRAd-based therapies have emerged as novel strategies for the treatment of ovarian cancer, clinical effi cacy has been fl eeting and information derived from clinical trials has yielded limited insight Existing CRAd imaging strategies are based on detection of virus-encoded transgene expression as opposed to direct visualization of viral progeny particles. Being dependent on the viability of the infected cells to produce an imaging signal, these strategies are not compatible with the cell-killing functions of oncolytic agents and are therefore inadequate for assessment of CRAd biodistribution, progeny production, and accumulation in tumors.
A genetic technology of Ad capsid labeling involving fusing imaging motifs to the minor capsid protein IX (pIX) allows direct visualization of viral particles and overcomes the CRAd imaging limitation. Feasibility of Ad capsid labeling by imaging reporter fusions has been established in several recent proof-of-principle studies. [9] [10] [11] [12] [13] [14] Matthews and colleagues fashioned a pIX fusion incorporating both HSV-tk and fi refl y luciferase (luc) reporters for use in the context of a nonreplicative Ad. Light signal produced by luc, however, requires administration of potentially toxic substrate, which makes this reporter not practical for human uses. 13 In contrast, use of fl uorescent reporters such as mRFP1 that require light activation (excitation), but no substrates for activity represents a better alternative for dynamic optical imaging approach. Capsid incorporation of both HSV-tk and mRFP1 moieties in a dual-modality reporter fusion could result in combined capacity for SPECT/PET and highly sensitive fl uorescent imaging, respectively. Expression timing of the imaging fusion from the native promoter of the Ad gene IX could allow an accurate tracking of CRAd replication by imaging of the reporter in CRAd-infected cells and whole tumors. 11. One of the most effective CRAds in ovarian cancer as it pertains to therapeutic effi cacy, replication ability, oncolysis, and in vivo tumor resolution has been a chimeric, infectivity-enhanced, conditionally replicating, serotype 5 adenovirus: Ad5Δ24-F5/3. 15, 16 In this study, we sought to develop a capsid-labeled variant of this powerful CRAd with tk-mRFP1 dual-imaging modality fusion and validate its utility for multimodality imaging applications in various ovarian cancer cell lines.
Materials and Methods

Cell Culture
The ovarian carcinoma cell lines HEY, OV4, SKOV3.ip1 and the normal human epidermal fi broblast cell line VH-10 were used for in vitro experiments. HEY, SKOV3.ip1 and OV4 cell lines were generous gifts from Dr. Judith Wolf and Dr Janet Price (The University of Texas M.D. Anderson Cancer Center, Houston, TX) and Dr. Timothy Eberlein (Harvard University, Cambridge, MA), respectively. The VH-10 cell line was obtained from the American Type Culture Collection (ATCC) (Manassas, VA). Both human embryonic kidney (HEK) 293 and human embryonic retinoblasts 911 17 cells were purchased from the ATCC. All cell lines were maintained according to the manufacturers' protocols in recommended media in the presence of 10% fetal bovine serum (FBS), 5 mM glutamine (Cellgro, Mediatech), and 1% penicillin and streptomycin (Cellgro, Mediatech). Cells were maintained at 37°C in a humidifi ed atmosphere of 5% CO 2 .
Recombinant Ad Construction
All viruses were constructed by previously described methods of homologous recombination in Escherichia coli . 18 To generate the double-imaging CRAd Ad5Δ24pIX-tk-mRFP1, F5/3 (heretofore referred to as CRAd pIX-tk-mRFP), we used a shuttle vector pSl Δ24, pIX-tk-mRFP1 and a modifi ed AdEasy-1 vector, AdEz F5/3, which contains a modifi ed F5/3 chimera fi ber (knob domain from Ad3 fi ber). To generate the AdEz F5/3 backbone we fi rst generated AdEasy-1 with fi ber gene, replaced by a unique SwaI site (AdEz ΔF/SwaI), which, following SwaI-linearization, was subsequently recombined with the shuttle vector pKAN3.1F5/3 (Invitrogen, Carlsbad, CA), containing a 3.1 kb Xba I-Kpn I fragment of Ad5.
The resulting recombinant was selected and validated via a recombination-specifi c polymerase chain reaction (PCR) assay of our own design (Borovjagin and colleagues unpublished data, 2007), linearized with PacI and transfected into 293HEK helper cells.
AdEz, ΔF/SwaI was constructed by recombination of the commercial AdEasy-1 vector (Quantum Biotechnologies, Montreal, QC) with pZero2 ΔE3.6.9 shuttle plasmid, which, in turn, was derived from the parental pZero2E3.6.9 plasmid by deletion of the E3 region using a two-step PCR approach. 19 The resulting E3 deletion (nts 28,133-30,817) contained three extra nucleotides at each boundary of the deletion as compared with the one in the commercial AdEasy-1 (nts 28,130-30,820).
All viruses carried a 24 bp deletion in the E1A gene identical to the one in the "delta 24" (Δ24) oncolytic adenovirus, 20 which made them conditionally replicative (replication competent in cancer cells with Rb-defective pathway).
The rescue vectors for control viruses Ad5Δ24pIX-tk-F5/3 and Ad5Δ24pIX-mRFP1-F5/3 were constructed by the same approach, using AdEz F5/3 and the corresponding shuttle vectors: pSlΔ24pIX-tk and pSlΔ24pIX-mRFP1.
The pSlΔ24pIX-tk shuttle vector was generated from the previously described shuttle vectors pshuttle-wt-pIX-tk 12 and pshuttle-d24-pIX-EGFP 14 by their digestion with EcoR1 and Hind III and ligation of the 4,165 bp fragment from pshuttle-wt-pIX-sr39tk with the 6,702 bp fragment from pshuttle-d24-pIX-EGFP. The E1-shuttle vector pSl Δ24, pIX-tk-mRFP1 was constructed on the basis of the abovedescribed pSlΔ24pIX-tk shuttle vector by replacing the tk sequence with a PCR-generated fusion tk-mRFP1 product between the Nhe I sites. To generate the tk-mRFP1 fusion, the HSV-tk and mRFP1 genes were amplifi ed by PCR using the corresponding pSlΔ24pIX-tk and pSlΔ24pIX-mRFP1 vectors as templates. The following primers were used for tk gene amplifi cation: 5′-GACAA GCTAGC CGGATCCGGT-TCAGGCAGTGCTTC-3′ (sense primer) and 5′-GGCG ACC -GGT GGATCCCAATTAGCCTCCCCCATCTCCCGGGCA-3′ (antisense primer). The sense primer contained an Nhe I site (underlined) 5 bp away from its 5′ terminus, whereas the antisense primer contained an Age I site (shown in underlined italics), unique in the resulting vector. For mRFP1 amplifi cation, the sense and antisense PCR primers: 5′-ATCC ACCGGT C-GCCACCATGGCCTCCTCCGAGGACGTCA-3′ and 5′-TA T G ACTA GT CGAC TTAGGCGCCGGTGGAGTGG-3′ were used, respectively. The sense primer contained Age I site and the antisense primer contained two overlapping sites: SpeI (underlined) and Sal I (shown in bold). Following purifi cation from 2% agarose gel with a deoxyribonucleic acid (DNA) extraction kit (Qiagen, Valencia, CA), the resulting PCR fragments were digested with Age I and ligated together using the Fast-Link DNA Ligation Kit (Epicentre Technologies, Madison, WI). The ligation was used as a template for another PCR amplifi cation with fl anking sense (Nhe I) and antisense (Spe I/Sal I) primers used for amplifi cation of each of the two fragments at the fi rst step. The resulting 1.8 kb-long tk-mRFP1 product was simultaneously digested with Nhe I and Spe I and cloned into the Nhe I-digested and gel-purifi ed pSl Δ24, pIX-tk vector with the tk gene removed because digestion at Spe I and Nhe I sites produces compatible cohesive ends. As a result, the downstream Nhe I and Spe I sites disappeared. All shuttle vectors used in this study carried a linker sequence, encoding 10-amino acid peptide (SA DYKDDDDK) with an octapeptide fl ag motif (shown in bold) at the C-terminus of polypeptide IX coding sequence in place of its "stop" codon followed by a unique Nhe I restriction site. Both pSlΔ24pIX-tk and pSlΔ24pIX-tk-mRFP1 constructs contained an additional 19 bp linker between the Nhe I site and the tk coding sequence, placing tk or tk-mRFP1 fusion in frame with pIX. The size of the linker peptide separating pIX and tk in the fusions was 18 amino acids.
To generate nonreplicative control vector Ad5ΔE1/ luc-pIX-mRFP1-F5/3 we used a two-step procedure.
First, we generated Ad5Δ E1/luc-pIX-tk-mRFP1-F5/3 rescue vector by using the same procedure as for the construction of its "Δ24" variant except that the tk-mRFP1 fragment was cloned into an Nhe I site of an earlier described parental shuttle vector AdlucpIXpK 21 bearing the cytomegalovirus promoter-driven fi refl y luc gene in place of E1. To generate pSl Δ E1/luc-pIX-mRFP1, the tk sequence was excised from the pSlΔ E1/luc-pIX-tk-mRFP1 shuttle by Nhe I-Age I digestion and religated with a short-adaptor doublestranded oligonucleotide with Nhe I and Age I overhangs, generated by annealing of two complementary singlestranded oligonucleotides, 5′-CTAGCCTGGGATCCA-3′ and 5′-CCGGTGGATCCCAGG-3′, which restored the 19 bp linker between pIX and mRFP1 sequences, placing the latter in frame with pIX.
The pSlΔ24pIX-mRFP1 construct was derived from the previously described vector pShuttle wt-IX-mRFP1, 11 which was digested by Hind III and Pme I to remove the wild-type E1A portion of the Ad sequence and replace it with the Δ24 E1A -containing Hind III-Pme I fragment, derived from the previously described pScs Δ24. 22 In contrast to the other shuttle vectors, pSlΔ24pIX-mRFP1 contained BamH1 site instead of Nhe I and was missing the last 19 bp of the linker while carrying the same fl ag peptide sequence ( Figure 1 ).
Virus Recue, Propagation, and Purifi cation
All of the CRAds were rescued in 293HEK cells and then plaque-purifi ed in A549 adenocarcinoma cells to prevent formation and propagation of the wild-type E1 -recombinants (also known as "RCA"), which could spontaneously occur in the 293HEK helper cells, carrying the Ad5 E1 genes in the genome. CRAds were upscaled and purifi ed from approximately 3 × 10 8 infected A549 cells. For virus purifi cation, we used two sequential cesium chloride gradient ultracentrifugation rounds (AdEasy system, QBiogene, Montreal, QC) and two-step dialysis against buffer containing 10 mM Tris HCl, pH 8.0, 50 mM NaCl, 2 mM MgCl, and 10% (v/v) glycerol. Final aliquots of each virus were analyzed for viral particle titer by measuring nucleic acid concentration at A 260 and protein concentration by " D C assay" (BioRad, Hercules, CA). The Spearman-Karber method for tissue culture infective dose of 50% of cells (TCID 50 ) was used to determine infection titers. Genetic identity of the genomes isolated from purifi ed viral particles was verifi ed by various PCR-based assays. The RCA-free status of all viral preparations was confi rmed by in-house-developed PCR assay of our own design (Borovjagin and colleagues unpublished data, 2007), which uses an E1A sequence-specifi c PCR primer, complementary to the 24 bp sequence, deleted in the Δ24 Ad mutants. The absence of visible PCR product after 37 PCR cycles was considered evidence for the absence of wild-type (WT) E1 recombinants in the preparations.
Validation of Functionality of the Imaging Fusion Components In Vitro
Tritium ( 3 H)-labeled thymidine conversion assay was performed using a previously reported protocol 23 to confi rm functionality of the tk moiety on the virus capsid. Reaction mixtures included 50 mM Tris (pH 7.2), 5 mM adenosine triphosphate, 5 mM MgCl, 2 mg/mL bovine serum albumin (BSA), and 1 mM of 3 H-thymidine (Amersham Biosciences, Westborough, MA). The experiment was performed in triplicate for each purifi ed virus, including CRAd pIX-tk-mRFP1, CRAd pIX-tk, and the previously reported Ad5WTpIX, ΔE3-tk 12 virus with tk transgene cloned in place of the Ad5 E3 region as a negative control (for the tk capsid inclusion-associated background). In addition, a CRAd with no tk gene (Ad5Δ24WTpIX) or pIX modifi cation, but otherwise the same genome, served as a negative control. The reaction mixtures were incubated at 37°C for 5 minutes and inactivated by heating to 95°C for 3 minutes to stop the reaction. To quantify the amount of phosphorylated 3 H-thymidine, 10 µL from each reaction mixture was mixed with 200 µL of diethylaminoethyl (DEAE)-cellulose and the slurry was centrifuged down and washed three times with 4 mM ammonium acetate and once with methanol. The amount of DEAE-bound radioactivity (phosphorylated 3 H-thymidine) was quantifi ed in a scintillation counter using 8 mL of scintillation mixture per sample. The results were plotted as a percentage of the input radioactive substrate.
Validation of functionality of the mRFP1 moiety was carried out by fl uorescent microscopy of CsCl-purifi ed imaging viruses (1 × 10 10 vp) using an inverted IX-70 stereomicroscope (Olympus, Melville, NY) equipped with a Magnifi re digital charge-coupled device camera (Optronics, Golets, CA) at 10× or 40× magnifi cation. Fluorescence signal quantifi cation was carried out by Nuance 2.4.2 spectral imaging software (CRI Inc., Woburn, MA).
Evaluation of CRAd Replication Effi ciency
To quantitatively assess CRAd DNA replication in infected cells, we analyzed changes in each virus genome copy number over time by TaqMan quantitative real-time polymerase chain reaction (qPCR) (LightCycler System, Roche Applied Science, Indianapolis, IN) using E4-specifi c primers as described previously. 24 The readings were normalized by copy number of β-actin as a cellular housekeeping gene. For each assay, a known amount of E4 template DNA (10 8 , 10 6 , 10 4 , and 10 2 copies/µL) was amplifi ed to generate a standard curve for quantifi cation of the E4 copy number in each sample. Thermal cycling conditions were as follows: 10 minutes at 95°C and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. Data were analyzed with LightCycler software.
Ovarian cancer cell lines SKOV3.ip.1, OV4, and HEY and normal human fi broblasts VH-10 as a nonpermissive control were infected with a panel of fi ve viruses, including a nonreplicative control, and total cellular DNA was harvested on days 1 and 3 postinfection. The experiment was performed in triplicate. DNA isolation was carried out using the QIAamp DNA Blood Mini kit (Qiagen) according to the manufacturer's instructions.
Validation of CRAd Oncolytic Potency In Vitro
Cytopathic potential of CRAds was assessed by a Cell Titer 96 Aqueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI) based on the MTS ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenol)-2-(4-sulfophenyl)-2 Htetrazolium]) reagent reduction, supported by enzymatic activity of live but not dead cells. Ovarian cancer cells SKOV3.ip.1, OV4, and HEY and VH-10 fi broblasts were plated at 1 × 10 4 cells/well in 96-well plates in recommended media and allowed to adhere overnight. Cells were infected with varying multiplicities of infection (MOI) (0, 0.01, 0.1, 1, 10, 100 plaque-forming units [PFU]/cell) for each of the fi ve viruses: CRAd pIX-tk-mRFP1, CRAd pIX-tk, CRAd pIX-mRFP1, CRAd WTpIX and Ad5ΔE1/lucpIX-mRFP1. All experiments were performed in triplicate. Four days postinfection, 20 µL of MTS solution was added to each well per each 100 µL of media and cells were incubated for 4 hours at 37°C in 5% CO 2 -humidifi ed atmosphere. Light absorbance of each sample at 490 nm (A 490 ) was analyzed with a colorimetric plate reader, and the results were quantifi ed and plotted against a previously derived standard curve and plotted as percentage of cell viability relative to uninfected control.
The cell-killing (cytotoxic) potency of CRAds was verifi ed by crystal violet staining assay. SKOV3.ip.1, OV4, HEY, and VH-10 cell lines were plated in 24-well plates in 2% FBS-supplemented Dulbecco's Modifi ed Eagle's Medium: Nutrient Mixture F12 (DMEM/F12) medium and grown to 80% confl uency. Cells were infected in 2% FBS medium at an MOI of 100, 10, 1, and 0 PFU/cell. Eight hours after infection, the virus-containing medium was removed and replaced with fresh 2% FBS medium. When the wild-type control virus showed cytopathic effect (CPE) at 1 PFU/cell, the cells were fi xed in 10% formaldehyde and stained with 1% crystal violet to visualize live but not dead cells.
Evaluation of CRAd In Vitro Imaging Capabilities
To evaluate imaging capabilities of thymidine kinase, VH-10, OV4, and SKOV3.ip.1 cell lines were plated in separate 24-well plates and 24 hours later infected with pIXtk-mRFP1, pIX-tk, and pIX-mRFP1 CRAds. No virus was added in the control samples. The virus-containing medium was replaced approximately 8 hours postinfection. Seventytwo hours postinfection, culture medium was aspirated and replaced with internalization buffer. Half of the samples were treated with an excess of unlabeled 1-(2-deoxy-2-fl uoro-1-D -arabinofuranosyl)-5-iodouracil (FIAU) substrate to serve as a competitive inhibitor. All wells were treated with 0.2 mL of 10 µCi/mL of 125 I-FIAU. The samples were immediately imaged via gamma camera with 1-minute exposure followed by incubation for 2 hours at 37°C, after which medium was aspirated and cells were washed twice with Hank's balanced salt solution (HBSS) (pH 7.2) and reimaged. Cells were lysed with 1M NaOH and imaged for 20 minutes. The resulting lysate was collected and the percentage of labeled FIAU per microgram of protein was calculated for each sample and plotted.
To test in vitro imaging capabilities of the mRFP1 moiety VH-10, OV4, and SKOV3.ip.1, cell lines were plated in recommended 2% FBS medium on 24-well plates and infected with the panel of viruses or mock-infected. Both phase contrast and fl uorescent microscopy at 40× magnifi cation were performed using the above-mentioned equipment. Imaging was performed every 24 hours for 4 days.
Results
Genomic Construction and Generation of Capsid-Labeled CRAds
We constructed a new-generation conditionally replicative "delta 24" (Δ24) oncolytic adenovirus carrying a tk-mRFP1 dual-imaging reporter on the capsid, which provides utility of multimodality imaging. This imaging reporter fusion can provide an important benefi t of fl exibility in imaging method selection, which is useful for clinical applications of ovarian cancer virotherapy.
The new CRAd genomes (see Figure 1 ) , constructed by the conventional method of homologous recombination in bacteria, carried the following modifi cations: (1) a 24 bp deletion in the E1A gene, rendering Ad replication cancer selective; (2) a genetic fi ber modifi cation, providing an optimal infectivity enhancement for ovarian cancer, both in vitro and in vivo; (3) C-terminal fusion of the minor capsid protein pIX with a dual-imaging reporter tk-mRFP1, capable of labeling adenoviral particles via capsid incorporation of its structural component pIX; and (4) deletion of the genomic E3 region to avoid DNA packaging constraints and retain genomic stability of the virus. Owing to the presence of a large number of modifi cations in the genome, including large pIX modifi cation, it was important to validate genomic stability and biologic properties of the new CRAd. This study represents biologic validation of the new CRAd in ovarian cancer cells and characterizes its imaging capacities in vitro.
Genomic stability of the tk-mRFP1 CRAd was confi rmed by PCR-based analysis of the purifi ed virus genomic DNA. PCR size verifi cation of tk-mRFP1 in the packaged genomes suggested that it remained intact and was not removed or shortened by spontaneous deletions in the fusion (data not shown), which could result from biologic selection during virus propagation in culture.
To determine if the biologic characteristics of the virus are hampered by the large size of the tk-RFP1 fusion protein, we constructed capsid-modifi ed control viruses carrying each component of the fusion separately. We observed no reduction in assembly or yields of the tk-mRFP1 virus particles (2.0E+12 viral particles (vp)/mL) compared with those of pIX-tk (1.7E+12 vp/mL) and pIX mRFP1 (2.6E+ 12 vp/mL) CRAds, carrying signifi cantly shorter pIX extensions or even nonmodifi ed pIX, as in the control WTpIX CRAd (6.0E+11 vp/mL). This was evidenced by similar physical titer (vp/mL) and overall yields of each CRAd in large-scale preparations as well as a low amount of defective particles (empty capsids) seen on the cesium chloride gradients of the viral preparations (data not shown).
Comparison of infectious titers of all capsid-modifi ed CRAds with that of the unlabeled but otherwise isogenic control WTpIX CRAd (8.0E+10 TCID 50 /mL) showed some mild reduction in infectivity for tk-mRFP1 CRAd (2.2E+10 TCID 50 /mL) and a singly modifi ed pIX-tk CRAd (1.8E+10 TCID 50 /mL), but not for pIX-mRFP1 control virus (4.0E+10 TCID 50 /mL). These data suggest that a C-terminal pIX modifi cation with a large fusion (615 amino acids) reporter does not abolish viral infectivity and assembly in infected cells; thus, the new CRAd might have practical utility as a virotherapy agent.
Both Imaging Moieties of the CRAd Capsid-Associated Fusion Are Functional
Activity of the tk enzyme in the context of its fusion with both pIX and mRFP1 as analyzed by a test tube thymidine conversion assay using a ( 3 H)-thymidine substrate revealed no signifi cant difference in the ability of purifi ed viral particles, carrying the pIX-tk-mRFP1 or the pIX-tk fusions, to catalyze thymidine phosphorylation. The enzymatic activity of the capsid-attached tk-mRFP1 and tk moieties was approximately 10-fold higher compared with that of the negative control viruses, carrying no tk gene or the tk transgene cloned in the E3 region of the genome (Ad5-WTpIX-ΔE3-tk). The observed differences were statistically signifi cant ( p < .05) (data not shown).
Functionality of mRFP1 reporter protein in the context of its C-terminal fusion with pIX or pIX-tk was evidenced by red fl uorescence signals, visualized by fl uorescence microscopy of various culture cells on infection with the pIX-tk-mRFP1-or the pIX-mRFP1-labeled CRAds ( Figure 2A ) and fl uorescent imaging of CsCl-purifi ed particles in solutions. The latter provided direct evidence of mRFP1 incorporation in the CRAd capsids, showing only about a twofold but clinically insignifi cant reduction in pIX incorporation effi ciency compared with the pIX-mRFP1 control CRAd ( Figure 2B ).
Biologic activity of capsid-labeled viral particles was demonstrated by an in vitro cell-binding assay, in which a large excess of purifi ed viral particles was incubated with target SKOV3.ip.1 ovarian cancer cells at 4°C to block virus internalization and synchronize infection at the cell-binding step. Using fl uorescence microscopy, we were able to detect an effi cient labeling of the cell surface with red fl uorescence ( Figure 2C ). This evidenced the ability of the capsid-labeled CRAd particles to bind to their cognate (Ad3) receptors on the target cells. Furthermore, on switching of cell incubation temperature to 37°C, we could easily track infection of the labeled tk-mRFP1 CRAd from cell membrane to the cytoplasm and later to the nuclei via the capsid-shed pIX-tk-mRFP1 fl uorescent protein (data not shown).
Incorporation of the pIX fusion in the capsids and its stability were verifi ed in Western blot by using an equal number of viral particles for each CRAd and antifl ag monoclonal antibody for detection of the fl ag tag at the C-terminus of pIX in each fusion protein. Equal loading of each lane on the gel and fi ber incorporation in the capsids were controlled by reprobing of the same blots with antifi ber tail (4D2) antibodies ( Figure 2D ). Staining of an identical gel with Coomassie blue confi rmed normal incorporation of other capsid proteins (data not shown).
In Vitro Replication of the Capsid-Labeled CRAds Is Effi cient and Cancer Specifi c
Analysis of viral replication in ovarian cancer cell lines by qPCR demonstrated that incorporation of pIX-tk-mRFP1 fusion in the CRAd capsid caused negligible reduction in the CRAd replication effi ciency in most ovarian cancer cell lines compared with WTpIX or pIX-mRFP1 controls. Retention of cancer selectivity was evidenced by minimal replication of the pIX-tk-mRFP CRAd in normal human fi broblasts ( Figure 3 ). Replication of pIX-tk CRAd relative to the above controls was reduced as well but to a lesser extent than for the pIX-tk-mRFP CRAd. The relative rates of the capsidmodifi ed CRAd's replication in different ovarian cancer cell lines remained essentially unchanged, whereas their absolute levels varied dramatically between different cell lines, being the highest in SKOV3.ip and lowest in OV4. All CRAds consistently showed a time-dependent progression in their replication in all cells, as opposed to a nonreplicative pIX-mRFP1 control virus (Ad5ΔE1/luc pIX-mRFP1-F5/3) ( Figure 4 ).
Oncolysis Rates of Tk-mRFP CRAd In Vitro Are Not Diminished
To further investigate the replication-dependent oncolytic capacity of the pIX-tk-mRFP1 CRAd, infected SKOV3.ip.1, OV4, HEY, and VH-10 control cells were analyzed with MTS and crystal violet cell proliferation assays. In MTS cell proliferation assays, the CPE and spread of the pIX-tk-mRFP1 CRAd in ovarian cancer cell lines was not signifi cantly different from that of the WTpIX and the single-moiety controls. This confi rmed minimal hindrance of the pIX-tk-mRFP1 fusion on the cell-killing (oncolytic) potency of the virus. SKOV3.ip.1 cells appear to be the most sensitive to both the dual-imaging modality CRAd and the single-modality controls (see Figure 4 ). In crystal violet assays the effi ciency of CPE induction varied with cell type such that SKO3.ip.1 and HEY cell assays were completed by day 7, OV4 by day 8, and VH-10 by day 12. In ovarian cancer lines, CRAd pIX-tk-mRFP1 was indistinguishable from the single-modality CRAds in its oncolytic activity and comparable to the WTpIX control virus. As expected, in normal human VH-10 fi broblasts none of the CRAds exhibited cell killing at an MOI below 100 PFU/cell by day 12, as opposed to in cancer cells, where CPE was observed at an MOI of 1 PFU/cell even at earlier times. Almost a 100-fold lower cell-killing potency in VH-10, as compared with WTpIX control CRAd, demonstrated cancer selectivity of all of the capsid-modifi ed CRAds (data not shown).
Evaluation of Gamma Imaging Capabilities of the tk-mRFP CRAd
In vitro evaluation of tk enzymatic activity via gamma-camera imaging in the presence of 125 I-FIAU as a tracer was performed in SKOV3.ip.1 and OV4 ovarian cancer cell lines as well as control VH-10 normal fi broblasts. We were able to effectively demonstrate minimal tk activity in normal human fi broblasts owing to their nonpermissiveness for CRAd replication. In contrast, we were able to visualize conversion of the radioactive substrate in both ovarian cancer cell lines, which was effi ciently blocked by an unlabeled substrate, used as a competitor. Furthermore, gamma-camera imaging in both ovarian cancer cell lines revealed signifi cantly stronger signals in cells infected with the pIX-tk-mRFP1 CRAd compared with a singly-modifi ed pIX-tk control CRAd ( Figure 5 ). This difference is likely to be secondary to the somewhat lower oncolytic potency of the latter CRAd, observed in our MTS and crystal violet experiments (see Figure 4 ); therefore, more intracellular tracer was converted.
Evaluation of the Fluorescent Imaging Capacity of the pIX-tk-mRFP1 CRAd In Vitro
Fluorescence imaging capacity of the capsid-modifi ed CRAds, containing mRFP1 imaging modality on the capsid, was evaluated in SKOV3.ip.1 and OV4 ovarian cancer cell lines by a conventional fl uorescence microscopy approach at different time points of infection. We demonstrated proportional fl uorescence associated with cytopathic evidence of CRAd replication, revealed by parallel visualization of CPE with phase contrast imaging ( Figure 6 ). At all time points, cells infected with the pIX-tk-mRFP1 CRAd demonstrated slightly weaker fl uorescence compared with the single-moiety pIX-mRFP1 CRAd, which was consistent with the difference in replication effi ciency observed between these two viruses by qPCR. Moreover, our fl uorescence imaging experiments were able to confi rm cancer selectivity of CRAd replication and cell killing, revealed by MTS and crystal violet assays.
Discussion
Noninvasive imaging reporter categories that have been incorporated into adenoviral genomes include chemical labeling markers, 4 bioluminescent, 13 fl uorescent 6, 11, 25 and nuclear imaging reporter genes, 7, 12 or their various combinations. 7, 13 Each reporter category has certain disadvantages. For example, soluble chemical markers are in general not suitable for molecular localization studies. Bioluminescent markers, although useful for increasingly sensitive imaging applications in contrast to fl uorescent and nuclear techniques, require reaction with substrate luciferin and are thus diffi cult to translate to clinical settings. 13 Fluorescence-based imaging techniques tend to be more suitable for human applications but have high background noise to overcome and exhibit poor deep tissue penetration except at wavelengths greater than 600 nm. 26 Nuclear imaging techniques, such as gamma camera imaging, SPECT, PET, or CT are the most widely implemented in clinical use and clinical trials for gene therapy vectors [27] [28] [29] but are often not practical or economical for use in the in vitro setting. These techniques often use short-lived radioactive tracers and are less sensitive than the best light-emitting technologies. 30, 31 As a result of our ultimate goal to implement our new construct clinically in the context of vector localization, nuclear technology and fl uorescent imaging clearly lend themselves best to these endeavors. To that end, we desired to build on constructs previously shown to be promising for clinical use in a manner that may yield a surrogate end point for future clinical investigation of CRAd therapy in the context of treatment of human ovarian cancer. In light of previous genetic modifi cations, such as the chimeric 5/3 fi ber, which was shown to enhance Ad infectivity and replication in ovarian cancer cells, [32] [33] [34] and the 24 bp deletion in E1, cancer targeting of the Ad replication and the cytolytic potential of the virus, 16, 34, 35 it was important to ensure that additional genetic modifi cations did not abolish the above improvements in the viral biologic properties.
Owing to the replicative nature of CRAds, for any reporter to be a dynamic refl ection of viral propagation and lateralization, the reporter must be genetically engineered into the Ad genome, as opposed to any "one-time" chemical labeling or staining of the virus components, unable to be "inherited" by the progeny particles. We chose the capsid protein pIX gene locale, as opposed to expression of the corresponding transgenes in the E3 or other Ad genomic regions, commonly used for transgene expression. A theoretical advantage of capsid labeling is that any viral particleassociated reporter moiety is functional inside or outside the cell and can be directly visualized shortly after virus administration. These labeled viral particles do not depend on imaging transgene expression or viral replication for visualization. Expression of the imaging transgene, amplifi ed with each viral DNA replication cycle, augments the signal of the virus-associated reporters and depends on the productive infection of the virus. However, after the signal amplifi cation, the capsid-associated signal is likely to be overwhelmed and no longer capable of providing any signifi cant advantage over the transgene expression. Furthermore, not all types of reporters can function outside the cell owing to the nature of the biochemical mechanism underlying their function and thus provide all of the advantages of genetic capsid labeling. Although the functions of imaging reporters, such as mRFP1 or HSV-tk, do not directly depend on the cell metabolism, only fl uorescent reporters can effectively function while being outside the living cell. Despite the fact that the HSV-tk enzyme associated with viral particles can effi ciently phosphorylate its substrates even in a test tube, as was demonstrated by this and previous studies, 13 it is unlikely to provide a clinically signifi cant imaging benefi t outside the cell. The reason is that for the signal to be visualized, the converted product needs to accumulate within the cell to generate a detectable imaging signal. On the other hand, theoretically, association with internalized viral particles could enable the HSV-tk reporter to generate some imaging signal prior to the onset of gene expression and viral replication while coordinated expression with pIX could allow imaging of Ad replication via expression of the transgene in infected cells.
Several studies have used dual-or triple-reporter fusions as imaging tags to enable multimodality imaging applications. In one recent study, a tk-green fl uorescent protein (GFP) was expressed in the E3 region of an infectivityenhanced "delta 24" CRAd (Ad5/3-Δ24-TK-GFP). This CRAd demonstrated effective killing of ovarian cancer cells in vitro, which correlated with GFP expression. Delivery of ganciclovir (GCV) immediately after infection abrogated viral replication and enhanced killing of some cell lines via a bystander effect. The CRAd demonstrated improved antitumor potency over the respective replication-defi cient virus with GCV in mouse models of ovarian cancer. However, GCV did not further enhance the effi cacy of Ad5/3-Δ24-TK-GFP in vivo, suggesting that the cytotoxic (antitumor) function of HSV-tk may not be compatible with the CRAd oncolytic function. 36 The imaging benefi t of HSV-tk, however, was not analyzed in that study. Tumor imaging by GFP fl uorescence allowed tracking of viral replication; however, the ability of GFP fl uorescence to penetrate in mammalian tissues is limited and can be used primarily for superfi cial tumors.
The advantages of multimodality imaging, including nuclear imaging capabilities of HSV-tk, have been demonstrated. 29, 37 Ponomarev and colleagues demonstrated the feasibility of noninvasive multimodality fl uorescence, bioluminescence, and nuclear imaging of a triple-fusion reporter gene, designed in the context of a retrovirus vector, to simplify and establish proportional coexpression of the three imaging reporter subunits. 37 In addition to this triple fusion, the functionality of HSV-tk in the context of fusion proteins has also been demonstrated for HSV-tk/GFP, 38 GFP/ HSV-tk, 39 and HSV-tk/ Renilla luciferase 40 confi gurations, suggesting that HSV-tk retains functional activity regardless of its N-or C-terminal position in a fusion.
Our results are consistent with this observation and demonstrate activity of HSV-tk as an internal subunit (component) of a trifusion including N-terminally fused pIX protein and C-terminally fused mRFP1. In the aggregate, we were able to document construction, rescue, propagation, purifi cation, and validation of a genomically stable virus, incorporating both mRFP1 and HSV-tk in the form of a large fusion protein with pIX. Furthermore, modifi cation of the pIX protein with tk-mRFP1 fusion was noted to have a minimal effect on viral specifi city, effi ciency of replication or oncolysis. The tk moiety of the fusion protein was active and easily imaged in culture, and its activity was undiminished compared with the single-modality controls. These gamma imaging results should be expected to translate to PET/CT activity, given selection of an appropriate radioactive tracer. 35 We documented the dynamic in vitro imaging capability of mRFP1 within the fusion protein and subjectively demonstrated proportional fl uorescence associated with cytopathic evidence of CRAd replication in multiple ovarian cancer cell lines while sparing normal human cells.
Ultimately, we have created the fi rst reported infectivityenhanced, ovarian cancer-targeted CRAd with a genetically engineered capsid protein pIX that carries a C-terminal dual-imaging reporter fusion protein composed of both nuclear and red fl uorescent imaging modalities. On the basis of the presented data, in vivo validation of the new agent in murine ovarian cancer models using both spectral imaging and SPECT/CT or micro-PET should be performed. Implementation of clinical trials using effi cient CRAds with imaging reporters may allow researchers to further understand the mechanisms of viral clearance or visualize clinically relevant nontarget areas of virus sequestration as well as tissue types, facilitating CRAd amplifi cation. Given the lack of virotherapy clinical trials using CRAds with localizing reporters, these data offer a stepping-stone toward a clinical trial that gives hope of gaining incremental inroads into the unknown barriers that prevent meaningful CRAd effi cacy in ovarian cancer.
